Introduction
Methylglyoxal synthase (MGS, EC 4.2.3. 3) catalyzes the elimination reaction of dihydroxyacetone phosphate (DHAP) which leads to methylglyoxal (MG) and phosphate (Cooper and Anderson, 1970; Cooper, 1984) . MGS is a homohexameric enzyme, and phosphate inhibits it allosterically (Cooper and Anderson, 1970; Hopper and Cooper, 1972; Cooper, 1984) , although the phosphate binding site on MGS has not been determined yet. This inhibitory effect of phosphate suggests a role for this enzyme under the conditions of phosphate deficiency (Hopper and Cooper, 1972) . MGS can be of industrial importance since MG can be used for the production of lactate, acetol and 1,2-propandiol (Cooper, 1984; Misra et al., 1995; Cameron et al., 1998; Bennett and San, 2001 ). To date, MGS has been purified from different sources, though MGS from Escherichia coli has been studied the most. MGS is comparable with triosephosphate isomerase (TIM) in terms of the proposed reaction mechanism it utilizes. Mutagenesis studies show that Asp-71, Asp-101 and His-98 are involved in catalysis by MGS, and their counterparts, Glu-165 and His-95, play roles in catalysis by TIM (Albery and Knowles, 1976; Summers and Rose, 1977; Bash et al., 1991; Harrison, 1998, 2000; Marks et al., 2004) . Yet, there is still uncertainty about the mechanism by which MGS eliminates the phosphate. Moreover, previous studies illustrated a role for His-98 in regulation of the enzyme's conformation between the active and inactive states (Marks et al., 2004) .
In regulatory enzymes, a likely model is that allosteric signals are transmitted through different pre-existing pathways between the active sites and the substrate binding sites (del Sol et al., 2009) . The effector binding site senses the effector and serves as the sender of the allosteric signal; the allosteric pathway acts as the wire to transmit the signal to the receiver, which is the active site of the enzyme. In MGS, phosphate is a conformational allosteric inhibitor. The crystallographic structure of MGS from E.coli does not reveal any distinct binding site for phosphate other than the phosphoryl binding site of the substrate, DHAP, and the competitive inhibitors, phosphoglycolohydroxamic acid (PGH) and 2-phosphoglycolate (Saadat and Harrison, 1999) . Nonetheless, the enzyme readily discriminates a phosphate from a phosphoryl group. Furthermore, according to the 3D structure, two pathways have been proposed through which MGS (from E.coli) communicates the allosteric information. In the first pathway, Pro-92, Arg-107 and Val-111 are engaged in an intersubunit crosstalk and do not have any interaction with phosphate. In the second, the formation of a salt bridge between Asp-20 and Arg-150 in the presence of phosphate conveys the information to the neighboring subunits (Saadat and Harrison, 1999) .
MGS from Thermus sp. GH5 (TMGS) has characteristics that make it more appealing for industrial applications; it shows its optimum activity at 658C, and is thermally more stable than E.coli MGS, resulting in ease of its purification (Pazhang et al., 2010) . The amino acid sequence of TMGS shows 66% similarity (47% identity) to MGS from E.coli. TMGS is truncated relative to MGS from E.coli at both ends † These authors contributed equally to this work. (Fig. 1) . The truncation at the N-terminus affects the numbering of residues and the truncation at the C-terminus deprives the enzyme of the Arg-150 and its corresponding allosteric pathway mentioned above (Pazhang et al., 2010) . In addition, TMGS has a lower Hill coefficient (1.5) compared with MGS from E.coli (3.4). The lack of Arg-150 makes the first allosteric pathway involving Pro-92, Arg-107 and Val-111 as the only proposed allosteric pathway in TMGS. Therefore studying this first pathway is more desirable in TMGS than in MGS from E.coli. In this study, the allostery in TMGS has been traced by a mutagenesis approach. In an attempt to unravel the role of phosphate (the allosteric effector) and the phosphoryl group (substrate) binding sites in the catalytic function of TMGS, Ser-55 and Gly-56 have been mutated. Furthermore, toward understanding the first allosteric pathway, Arg-97 and Val-101 of TMGS were also substituted. Previously, we proposed that the second pathway involving Arg-150 and Asp-20 in MGS is responsible for the higher Hill coefficient and constitutes the major pathway in the E.coli MGS (Pazhang et al., 2010) . This possibility has also been tested by engineering the missing C-terminal E.coli MGS to TMGS. The amino acid residues under the study here are shown in Fig. 2 . The analysis of the effects of these mutants on the kinetics and stability of the enzyme provides insights into the allosteric signal transduction pathways in TMGS.
Experimental procedures

Mutagenesis
Site-directed mutagenesis was carried out using the Quick Change method and chemically synthesized primer oligonucleotides (Bioneer, South Korea) as described by Sambrook and Russell (2001) . The sequence of the primers is shown in Supplement 1. Plasmid pET-21a (þ) containing the TMGS gene was used as the template. The 50 ml PCR reaction mixture contained 10 ng of template DNA, 10 ml PCR buffer, 0.2 mM of each dNTP, 0.8 mM of each primer and Pwo DNA polymerase, 1.25 units (Fermentase). The mixture was heated at 958C for 5 min and then subjected to thermal cycling (22 cycles of 948C for 1 min, 558C for 1 min and 688C for 13 min). Then the PCR product was incubated in a digestion reaction with DpnI (Fermentase), at 378C for 12 h. Afterwards, the digestion reaction for each mutation was transformed to E.coli XL1-blue (Sambrook and Russell, 2001 ). Five clones were selected randomly for sequencing and the confirmation of the mutations.
Expression and purification of MGS
Native and mutant TMGS enzymes were expressed and purified according to the method of Pazhang et al. (2010) . Protein concentration was measured by the Bradford method (Bradford, 1976) using bovine serum albumin as the standard.
Kinetic assays
MGS activity was measured in a reaction mixture containing 205 ml of imidazole buffer stock of 50 mM concentration and pH 6.5, 25 ml of 15 mM DHAP (Sigma-Aldrich) solution in water, and 20 ml of enzyme at 608C for 5 min. For each experiment (wild type and all mutants), linearity with time has been established over the range of conditions explored. Then, 0.1 ml of the reaction mixture was added to a test tube containing 0.9 ml distilled water and 0.33 ml 2,4-dinitrophenylhydrazine from a stock solution of 0.1% 2,4-dinitrophenylhydrazine in 2 M HCl. After incubation at 308C for 15 min, 1.67 ml of NaOH stock solution of 10% (w/v) was added. Following a 15 min incubation at room temperature, the absorbance was measured at 550 nm by a UV/Vis spectrophotometer (Unicam, England). Under these assay conditions, 1 mmol of MG yielded an absorbance of 16.4 at 550 nm. Accordingly, all measured absorbances were converted to mmol of the MG product (Hopper and Cooper, 1972; Cooper, 1975) . In order to determine the kinetic parameters, measurements were carried out using different substrate concentrations. Steady-state kinetic parameters were determined and experimental data were analyzed by Michaelis -Menten and Lineweaver -Burk curves, where the enzyme velocity versus substrate concentration curves were sigmoidal and hyperbolic, respectively. Calculation of Hill coefficients was carried out using the following equation where necessary:
where v and V max are velocity and maximal velocity of the enzyme, respectively, and nH is the Hill coefficient. K 0 is the apparent dissociation constant and is related to K m as well as the terms that are related to the effect of substrate occupancy at one site on the substrate affinity at other sites. According to this equation, the values of nH as well as K 0 can be achieved by plotting the log of [v/(V max 2 v)] against the log of [S].
Gas-phase electrophoretic mobility macromolecule analysis
The TMGS enzyme was exchanged into a buffer consisting of 100 mM ammonium acetate pH 7.6. Prior to gas-phase electrophoretic mobility macromolecule analysis (GEMMA) analysis, the protein was diluted to a concentration of 0.02 mg/ml into a buffer containing 20 mM ammonium acetate pH 7.6. In order to determine the quaternary structure of TMGS, the protein was analyzed by the GEMMA technique using a pressure drop of 2 psi (Rofougaran et al., 2008) . Molecular masses were calculated from the particle diameters by the MacroIMS software using a particle density of 0.58 g/cm 3 .
Size-exclusion chromatography
The quaternary structures of the native TMGS, R97K, V101A, V101I and V101S mutants were compared in the presence and absence of 10 mM phosphate, and those of G56A and G56S in the presence and absence of 0.6 mM DHAP by analytical gel filtration using Sephadex G-100 column (100 cm Â 1.6 cm). The running buffer contained 50 mM imidazole ( pH 6.5), having a flow rate of 0.6 ml/min. Phosphate and DHAP were contained in the running buffer when necessary.
Thermal stability
The reaction mixtures containing the wild-type TMGS, R97K, V101A, V101I and V101S were incubated at 14 different temperatures (from 0 to 908C) for 10 min and then were incubated on ice for another 30 min. The remaining activity of each enzyme was measured as described above.
Results
Alignment and mutational designs
The amino acid sequence alignment of five MGS proteins from different sources revealed that in contrast to Arg-150 of the E.coli MGS, Pro-82, Arg-97 and Val-101 of TMGS are conserved in all of the aligned sequences ( Fig. 1) . Firstly, the phosphate (effector) and phosphoryl group (substrate) binding sites were investigated by mutating the fully conserved amino acids Ser-55 and Gly-56. Serine and glycine are among the frequently occurring amino acids in the phosphate binding sites of all related proteins (Copley and Barton, 1994; Hirsch et al., 2007) . These two residues have a hydrogen bond with phosphate in MGS from E.coli (Saadat and Harrison, 1999) , and the crystal structure of TMGS (PDB ID 2XW6, unpublished data) shows the same hydrogen bond for Gly-56 and stays Ser-55 within the Van der Waals radii of phosphate. Ser-55 changes position upon binding of the phosphate and glycine is the most frequent residue in phosphate binding sites of proteins (Copley and Barton, 1994; Hirsch et al., 2007) . Ser-55 in TMGS was substituted with either an aspartate or a lysine. The negative charge of aspartate makes this residue inappropriate for binding to phosphate and thus rare while lysine is highly conserved in the phosphate binding sites of all proteins. Likewise, Gly-56 of TMGS was substituted by either an alanine or a serine. Alanine is a residue with low frequency in phosphate binding sites and has the highest similarity in terms of size to glycine, and serine is a hydrophilic residue with high occurrence in the phosphate binding sites of all proteins (Hirsch et al., 2007) . Secondly, the role of Pro-82, Arg-97 and Val-101 in intersubunit communications was examined by mutagenesis. Since any change in Pro-82 might have significant structural effect, this amino acid was left unchanged and just Arg-97 and Val-101 were substituted. Arg-97 was changed to lysine as a conservative substitution, maintaining its positive charge. However, lysine has a slightly shorter side chain and does not allow the same bidentate hydrogen-bonding interactions as arginine. Val-101 was mutated to alanine, isoleucine and serine; alanine and isoleucine are hydrophobic amino acids like valine, but with shorter and longer side chains, respectively. Serine approximates the steric bulk and length of the valine side chain. Nevertheless, serine affords less opportunity for a hydrophobic interaction because of its hydroxyl group. According to PDB structures of TMGS (2X8W and 2XW6), upon binding to phosphate the mentioned residues show no conformational changes. This favors the ensemble view of allostery in the case of TMGS (Cooper and Dryden, 1984; Hilser, 2010) . Finally, to determine whether a saltbridge interaction between Asp-20 and Arg-150 in E.coli MGS propagates the allosteric signal in the presence of phosphate, we added the C-terminal tail of E.coli MGS containing an Arg to TMGS.
Steady-state kinetic properties of the mutant enzymes DHAP was used as the substrate to determine the kinetic parameters of the mutants. k cat , K m and catalytic efficiency of the mutants and their Hill coefficient (nH) in 0 and 1.5 mM of phosphate is represented in Table I . Also, the Michaelis -Menten curves and Hill plots of the native enzyme and the mutants in four concentrations of phosphate are presented in Supplement 2.
Ser-55 discriminates between the inhibitory phosphate and the phosphoryl group According to the crystal structure of MGS from E.coli, Ser-65 has a hydrogen bond with phosphate (Saadat and Harrison, 1999) and in TMGS its equivalent, Ser-55 is in the proximity of phosphate. Mutating this residue to aspartate resulted in little change in the turnover number, but caused 5-fold increase in K m (Table I) . As expected, the negative charge of the aspartate interfered with the binding of phosphate. On the contrary, substitution of the same residue by lysine increased the sensitivity of the mutant enzyme to phosphate. The latter mutant had higher affinity for the substrate and decreased catalytic efficiency, due to the bulky and positively charged side chain of lysine. These results confirm the role of Ser-55 in binding to phosphate and the phosphoryl group of DHAP. S55D did not show allostery, and S55K had an nH of 1.3 both in the presence and absence of phosphate. Thus both mutants have lost their heterotropic cooperativity as indicated by the difference between their nH in the presence or absence of phosphate ( Table I ), suggesting that these two mutants cannot discriminate between the inhibitory phosphate and the phosphoryl group of the substrate (Table I and Supplement 2).
Gly-56 is involved in catalysis
The most remarkable changes in the turnover number and the Hill coefficient were observed for G56A and G56S, revealing the importance of this residue in catalysis and allostery. The small size of glycine favors it for this position. Even a methyl group of alanine as the side chain caused steric hindrance and a 10 6 -fold decrease in k cat , and resulted in a Hill coefficient of 2 in the absence of phosphate and 1.6-1.8 in the presence of phosphate. In G56S the k cat was even lower and the nH was increased to 2.3 in the absence of phosphate. The nH exhibited an increasing trend in the presence of phosphate which is indicative of a negative heterotropic cooperativity. In the 'Discussion' section, we use this result as an example of the '1.5' pathway of allosteric transitions.
Arg-97 and Val-101 play a role in allosteric transmissions
The mutants R97K, V101I and V101S lost their heterotropic cooperativity, since their Hill coefficients were unchanged in the presence and absence of phosphate (Table I ). In addition, these mutants exhibited significantly reduced catalytic efficiencies (by 2500-, 1000-, and 750-fold, respectively), even though Arg-97 and Val-101 are not located in the active site. This is also in good agreement with the hypothesis that these residues are not involved in catalysis, but in allosteric transmissions (Saadat and Harrison, 1999) . Pro-82 residue is located between the two other conserved residues, Arg-97 and Val-101 (Fig. 2) , and the allosteric signal can be transmitted by the crosstalk between Pro-82 from one subunit and Arg-97 and Val-101 of another. Interestingly, the mutants R97K, V101I and V101S exhibited homotropic allostery, with the Hill coefficient of about 1.5. On the contrary, when Val-101 was substituted with alanine, no significant change in its catalytic efficiency or Hill coefficient was observed. In other words, mutating Val-101 to larger amino acid residues, isoleucine and serine, changed the Hill coefficient, while replacing it with alanine did not. These results suggest that residues with a larger side chain replacing Val-101 impose perturbation in this allosteric pathway.
Addition of the C-terminal tail elevates the hill coefficient
The mutant with the added C-terminal of E.coli MGS (TMGS þ ) had elevated cooperativity in the presence of phosphate. However, it did not reach the nH of E.coli MGS, which is 3.4. It should be mentioned that the nH of E.coli MGS has been determined at 308C, while TMGS is not active at this temperature (Pazhang et al., 2010) ; thus, the nH values of TMGS and TMGS þ were determined at 608C and this might account for the observed difference. Moreover, the K m for TMGS þ was reduced to 0.2 mM which is the same as the K m of the E.coli MGS. These results suggest a role for this tail in both transmission of the allosteric signal and modulation of the affinity for the substrate.
The quaternary structure of TMGS in the presence and absence of phosphate GEMMA is a technique where proteins are brought into the gas-phase allowing their diameters to be measured. This method has the advantage of having a high sensitivity and resolution over a large range of molecular masses (from a few kDa to several MDa). GEMMA analysis of the TMGS protein showed a major peak with a molecular mass of 89 kDa corresponding to a hexamer and minor peaks corresponding to dimers (31 kDa), monomers (17 kDa) and dodecamers (185 kDa) (Fig. 3A) . For comparison, the theoretical molecular mass of the monomer is 14.3 kDa. We were also interested to determine if phosphate as an allosteric effector influences the quaternary structure of the enzyme. Thus, we made a GEMMA analysis of the TMGS protein in the presence of 0.5 mM ammonium phosphate. The protein showed the same peak corresponding to the hexameric form both at this ammonium phosphate concentration and at 1 mM (data not shown). The broad peak in the beginning of the graph is a salt peak coming from ammonium phosphate (Fig. 3B ).
Oligomerization state of the mutants
To examine the effect of the mutations on the oligomerization state of TMGS, the molecular masses of the native and mutant enzymes were determined by the size-exclusion chromatography (data not shown). Distortion of the intersubunit interactions had no effect on the oligomerization state of the enzymes in the presence or absence of phosphate, and the same was also true for the enzymes with homotropic allostery in the presence or absence of DHAP as the mutants exhibited identical elution profiles. This also suggests that the mutagenesis had no significant adverse effect on the folding state of the mutants.
Thermal stability of the enzymes
Thermal stability of the wild-type TMGS, R97K, V101A, V101I and V101S, was determined by measuring their remaining activity after 10 min incubation at different temperatures (Fig. 4) . All mutants had lower thermal stability than the wild-type TMGS. A possible explanation is that the substitutions of Arg-97 and Val-101 destabilize the enzyme by weakening the intersubunit interactions, although further studies are required to ensure the validity of this hypothesis. It is worth noting that the same phenomenon has been observed for other enzymes such as glutathione reductase (Scrutton et al., 1992) . Scrutton et al. reported that the increase in the nH is accompanied by a decrease in the thermal stability of the mutant glutathione reductase. This also appears to be the case for R107K, V101I and V101S mutants of TMGS as demonstrated in this study.
Discussion
In an allosteric enzyme, binding of an effector to its binding site induces a signal which is transmitted through multiple allosteric pathways to the active site of a neighboring subunit (for a review see Goodey and Benkovic, 2008) . This study demonstrated that in TMGS, Ser-55 readily discriminates the inhibitory phosphate and acts as the sender of an allosteric signal. Pro-82, Arg-97 and Val-101 are involved in transmitting this allosteric signal, and the signal transmission could be strengthened by engineering a C-terminal tail containing an Arg. The C-terminal Arg, by interacting with Asp-10 triggers another allosteric pathway. These two pathways constitute the wires that transmit the allosteric signal. In this model, Gly-56 of TMGS can be thought as the receiver of the allosteric signal in the active site which participates in catalysis (Fig. 5) . Fig. 3 . GEMMA analysis of 0.02 mg/ml TMGS protein in the absence (A) and presence (B) of 0.5 mM ammonium phosphate. The abscissa shows the diameters of the protein particles in nanometer which is correlated to the molecular mass shown on the top of each peak. The ordinate shows the measured number of protein molecules. Fig. 4 . Thermal stability of the wild-type TMGS, R97K, V101A, V101I and V101S in different temperatures. For thermal stability determination, the wild-type TMGS and the mutants R97K, V101A, V101I and V101S were incubated in the desired temperatures for 10 min in 50 mM of imidazole, pH 6.5, and then their remaining activity was measured. Fig. 5 . Broadcasting the allosteric signal in TMGS. Ser-55 senses the binding of phosphate and sends the allosteric signal. This signal passes through the pathway 1 (P.1) which involves Pro-82, Arg-97 and Val-101. Addition of the C-terminal tail containing an Arg to TMGS evokes a second pathway (P.2), and amplifies the allosteric signal. These two pathways comprise the wires for sending the signal to the receiver, the active site. Gly 56 is an active site amino acid that also takes part in allostery. Simple and dotted arrows, respectively, indicate the P.1 and P.2 allosteric pathways.
Transmitting the allosteric signal in MGS
The sender
The kinetic results show that Ser-55 confers the enzyme a high degree of specificity to discriminate the inhibitor from the substrate. This residue binds to both phosphate and phosphoryl group according to our kinetic data, but its substitution leads to the same allosteric pattern in either the presence of phosphate (inhibitor) or the substrate. Thus, S55D and S55K seem not to discriminate between phosphoryl group and phosphate. On the other hand, Ser-55 distinguishes phosphate and dispatches the allosteric signal. These results along with the fact that this residue changes its position upon binding of phosphate, and that it is in direct contact with phosphate in E.coli MGS (Saadat and Harrison, 1999) and in proximity of phosphate in TMGS suggest that Ser-55 can be considered as a necessary component of the sender of the allosteric signal, which senses the presence of the allosteric inhibitor and subsequently starts the allosteric signal. In this study, we are only interested in whether Ser55 is important in distinguishing the inhibitory phosphate or the substrate. Although equally interesting, deciphering of chemical mechanism of this process, that is required for construction of other mutants of TMGS such as S55A and S55T, is not the focus of this work. Also, comparison of the conformation and motions of Ser-55 in TMGS in the presence of its substrate, DHAP, and its inhibitor, phosphate, could help us better understand the mechanism by which Ser55 distinguishes between these two. These studies will not alter any of the conclusions presented in this work, though, and will be considered in our future studies.
The wire
In our previous work on TMGS, we suggested Pro-82, Arg-97 and Val-101 as the constituents of the allosteric pathway in the enzyme (Pazhang et al., 2010) . According to the 3D structure of TMGS, the corresponding triplet region is positioned in the trimeric interface of the enzyme (Fig. 2) . The Arg-150 that is involved in the other allosteric pathway proposed by Saadat and Harrison is absent in TMGS. Therefore, we proposed the necessity of the three residues Pro-82, Arg-97 and Val-101 for heterotropic negative cooperativity between subunits of TMGS (Pazhang et al., 2010) . The results here show that substitutions of Arg-97 with lysine and Val-101 with isoleucine or serine totally disrupt the heterotropic allostery. It can be concluded that these two residues are necessary for the transmission of the allosteric signal from one subunit to another. Based on the changes in V max and K m parameters, phosphate becomes a mixed-type inhibitor of the mutant enzymes. The most plausible explanation is that when a lysine is substituted for Arg-97, it disrupts the bidentate salt bridge interaction with Asp-91. Similarly, when Val-101 is substituted with either isoleucine or serine, the mutants distort Pro-82 which would otherwise be located between Arg-97 and Val-101 of another subunit. Pro-82 residue is of importance since it is conserved and is positioned between the two other conserved residues, Arg-97 and Val-101. In contrast, the smaller hydrophobic side chain of alanine does not interfere with the transmission of this signal. Thus, the aforementioned mutations destabilize the enzyme probably by weakening the intersubunit interactions. However, the effect is not strong enough to prevent the oligomerization of the enzyme. On the other hand, incorporation of the missing C-terminal amino acid residues provides TMGS with a new salt-bridge interaction between the neighboring subunits in the presence of either phosphate (inhibitor) or the substrate. This salt bridge is naturally present in E.coli MGS between Arg-150 and Asp-20 and has been hypothesized to be responsible for the remarkably higher Hill coefficient of the E.coli MGS (Pazhang et al., 2010) . Although this newly introduced pathway of allosteric transmission elevated the nH of TMGS, nevertheless, it never reached the value of 3.4 observed with the E.coli MGS, suggesting other subtle differences between two enzymes in transmitting the allosteric signal. Further investigations are needed for understanding this question. Also to map all the amino acids that form the wire, extensive mutagenesis of all residues or molecular dynamics simulations would be needed. On the whole, the mutants exhibiting the Hill coefficient of about 1.5 seem to share a pathway(s) which is(are) robust in MGS. It is interesting to note that the nH of 3.4 for E.coli MGS is readily disrupted by single mutations. Thus, the E.coli MGS mutants D20E and D71E exhibit a Hill coefficient of about 1.5, suggesting that they have a disrupted '3.4' pathway (Saadat and Harrison, 1998) . On the other hand, TMGS and Ser-55, Arg-97, Val-101 and Gly-56 mutants represent the '1.5' pathway (in the latter the difference between nH in the presence and absence of phosphate is about 1.5). It is possible that the '3.4' pathway has been evolved as a new feature in the E.coli MGS.
The receiver
Ultimately, it is the active site that receives the allosteric signal and displays altered behavior in the presence or absence of phosphate. The results here cannot show if Gly-56 is the direct receiver of the signal or not, but it elucidates that Gly-56 is a part of the active site, and the active site of an enzyme acts as the receiver of the allosteric signal. The significant decline in k cat of Gly-56 mutants showed that this residue is probably one of the active site's receiver amino acids (Table I ). The role of Gly-56 in catalysis can be better understood by reviewing the catalytic mechanism of another similar enzyme, TIM. TIM shares a common substrate with MGS. In the initial step, Asp-71 in MGS (from E.coli) and its counterpart, Glu-165 in TIM, abstract the C3 proton of DHAP to give rise to an enediolic intermediate (Albery and Knowles, 1976; Summers and Rose, 1977; Saadat and Harrison, 1998) . In TIM, His-95 is the other catalytic residue which protonates and deprononates the O2 and O3 oxygens of the enediol intermediate, respectively. Finally in TIM, the C2 carbon is protonated by Glu-165 (Bash et al., 1991) . As shown in Fig. 6 for MGS, there is still a debate on the proton donor to O2 of the enediolic intermediate. This O2 must be protonated by His-98 (homologous to His-95 in TIM) or via a water molecule by the surrounding bulk solvent (this mechanism is proposed based on the crystal structure of MGS with PGH; Saadat and Harrison, 2000; Marks et al., 2004) . This leads to the phosphate elimination. In the PGH-based mechanism, Asp-101 then plies the proton of Asp-71 via a buried water molecule. Though, the mechanism of phosphate elimination in MGS and the reason why it does not occur in TIM is not fully understood. Considering the proximity of Gly-56 to the C3 -O-P oxygen atom of DHAP (Saadat and Harrison, 1999) , the kinetic data mentioned in the section 'Gly-56 is involved in catalysis' suggest that the small size of this residue possibly allows it to participate in phosphate elimination. In a mechanism proposed formerly by Saadat and Harrison (Marks et al., 2001) , the positioning of the phosphate group of the enediolic intermediate out of the C2 plane favors the elimination of phosphate in MGS. Our results here confirm the role of Gly-56 in positioning and bridging the phosphoryl oxygen. This residue constitutes the favorable electrostatic and steric environment for the leaving phosphate, which consequently results in phosphate elimination by TMGS (Fig. 6) .
Moreover, the variations in the Hill coefficient of Gly-56 mutants suggested a critical role for this residue in allostery. G56A and G56S showed homotropic cooperativity with the nH of 2 and 2.3, respectively. This new property could have arisen either because of the changes in the oligomerization state of the enzyme in different concentrations of the substrate, or redistribution of the enzyme conformations. The size-exclusion chromatography of the mutants contradicts the first possibility, and further studies will be required to determine the validity of the second possibility. Whatever the cause is, these results imply a possibility that the wire might transmit the allosteric signal to the active site through Gly-56.
Overall, this study showed that Ser-55 is a critical residue for sensing the inducer of the allosteric signal, the phosphate. After binding of inhibitory phosphate, allosteric signal is transmitted to the neighboring subunit by the wire (Pro 82, Arg-97 and Val-101 in TMGS and Asp-10 and Arg-140 in TMGS þ ) that causes heterotropic negative cooperativity between subunits in TMGS. Finally, the signal arrives at the active site which has Gly-56 as a catalytic residue. However, to gain a molecular-level understanding of allosteric regulation, it is necessary to decipher the networks of amino acids participating in allostery by more studies such as molecular dynamics simulations (Bhattacharyya et al., 2010; Buch et al., 2010) .
The homotropic cooperativity state
Interestingly, some of the mutants exhibited homotropic cooperativity. Triggering homotropic allostery has also been observed when mutating the non-allosteric enzymes DdPFK (Santamaria et al., 2002) , pyruvate kinase isozyme M1 (Ikeda et al., 1997) , glutathione reductase (Scrutton et al., 1992) and aspartate transcarbamylase (Kuo et al., 1989; Stebbins and Kantrowitz, 1992) . Among these enzymes, for DdPFK and pyruvate kinase isozyme M1 the mutations had changed the intersubunit interactions. For substitution and deletion mutations in the C-terminal tail of DdPFK studied by Santamaria and colleagues, the weakening of the intersubunit interactions triggered cooperativity (Santamaria et al., 2002) . On the contrary, Ikeda et al. demonstrated that in the mutant pyruvate kinase isozyme M1, A398R, strengthening the intersubunit interactions induced cooperativity (Ikeda et al., 1997) . Thus, in some enzymes weakening and yet in others strengthening the intersubunit interactions can induce cooperativity.
The wild-type TMGS is a homohexameric enzyme, locked in the active state. As discussed above, changes in Arg-97 and Val-101 weaken and disrupt the intersubunit interactions and switch the enzyme from the A (active) form, comprised of the tightly bound subunits to the R I (relatively inactive) form with loosely bound subunits. The diminished intersubunit interactions allow for re-distribution of protein ensembles. Accordingly, this R I form is in equilibrium with R A (relatively active) form, and the equilibrium shifts toward the latter in the presence of the substrate, leading to the sigmoidal rather than Michaelis -Menten-type hyperbolic curve for the catalysis (Fig. 7) . This explains the homotropic cooperativity state triggered in Arg-97 and Val-101 mutants of TMGS and the C-terminal mutants of DdPFK. Total disruption of the intersubunit interactions can lead to entirely inactive subunits, I state (Fig. 7) .
Another remarkable observation in this study is the linear relationship between the increase in Hill coefficient and decrease in the logarithm of catalytic efficiency. Fig. 8 shows this linear correlation when plotting the logarithm of k cat /K m of the mutants in the presence of phosphate against their nH values. Likewise, a decrease in the catalytic efficiency with the occurrence of homotropic cooperativity was observed in Transmitting the allosteric signal in MGS the mutant forms of DdPFK (Santamaria et al., 2002) , pyruvate kinase isozyme M1 (Ikeda et al., 1997) , glutathione reductase (Scrutton et al., 1992) and aspartate transcarbamylase (Kuo et al., 1989; Stebbins and Kantrowitz, 1992 ) mentioned above. It seems that the native form of the enzyme is the most efficient form, and as the diversity of the enzyme population increases (as evidenced by an increase in nH), their catalytic efficiency declines.
Taken together, in the allosteric enzyme TMGS, the inhibitory signal of phosphate is recognized and consequently transmitted by Ser-55 (the sender) to the active site residue, Gly-56 (the receiver), through Pro-82, Arg-97 and Val-101 (the wire). Gly-56 also contributes to phosphate elimination from the substrate, DHAP. In the E.coli MGS, the allosteric signal is strengthened by a pathway involving Asp-20 and Arg-150. Although these two residues are involved in heterotropic allostery, mutation of Arg-97, Val-101 or Gly-56 also elicits homotropic allostery. Acquiring this feature by a single mutation supports the hypothesis that allostery may be an intrinsic property of all dynamic proteins (Gunasekaran et al., 2004) .
